The present studies investigate the basis for the marked increase in mitochondrial size and approximately reciprocal decrease in mitochondrial number which have been observed in the livers of rats treated with cortisone acetate . Comparisons of the content and specific activity of mitochondrial DNA in the livers of control and cortisone-treated animals prelabeled with radioactive thymidine support the possibility that these changes in mitochondrial size and number are the result of a process of mitochondria) fusion . A consideration of various conditions now known to result in the formation of large mitochondria in other systems suggests that interference with mitochondrial respiration may provide a stimulus for such a process . The biochemical approach described in the present study may prove useful in investigating the origin of large mitochondria in other systems as well .
Effects of the glucocorticoid hormones on a variety of mitochondrial functions have been a subject of interest for many years . While it has long been known that cortisone treatment results in marked changes in a number of mitochondrial biochemical functions (1) (2) (3) , it has only recently been recognized that these biochemical changes are accompanied by striking morphological alterations . Although it had been observed as early as 1955 that the administration of cortisone to rats appeared to result in both a decrease in number of mitochondria and an increase in mitochondrial size in hepatic parenchymal cells (4), it was not until 1968 that quantitative morphometric studies were performed which conclusively demonstrated that administration of cortisone acetate for a period of 6 days leads to a striking increase in the size of liver mitochondria (3) . These latter studies showed that there was a generalized increase in mitochondrial size and that the magnitude of the increase depended upon the portion of the liver lobule examined . Thus the increase in mitochondrial size was shown to range from a 35 per cent increase in average volume for mitochondria in centrilobular cells to a more than 4-fold increase for mitochondria in peripheral and midzonal cells . Subsequent sucrose density gradient studies of unfixed rat liver mitochondria have confirmed the fact that cortisone treatment results in a marked increase in mean mitochondrial volume (5) .
While the increase in mitochondrial size during cortisone treatment was a striking observation in itself, perhaps the most interesting feature of the electron microscope studies was the demonstration that the increase in mean mitochondrial volume was accompanied by a decrease in number of mitochondria which, in all portions of the liver lobule, was very nearly the exact reciprocal of the increase in mitochondrial size (3) . Table I presents a summary of some of these earlier data and shows that, despite marked changes in mitochondrial size and number, the total mitochondrial volume per cell and the percent of the total cytoplasmic volume Kimberg et al . (3) occupied by mitochondria remain relatively unaltered in all portions of the liver lobule during cortisone treatment . In addition to the conservation of total mitochondrial volume, the calculated amount of cristal surface has been found to be unchanged (3), and the yield of mitochondrial protein per gram of liver has subsequently been shown to be unaffected by cortisone treatment (see below) .
The observation of reciprocal changes in mitochondrial size and number is open to a number of different interpretations, and, among these, two extreme models present themselves as possibilities : reciprocal changes in mitochondrial size and number could reflect a loss of certain mitochondria accompanied by growth of others ; or, instead, such changes might be due to a process of mitochondrial fusion . There is now good evidence that mitochondria are capable of exchanging genetic information (6), and while the results of purely morphologic studies have suggested that mitochondria under certain conditions may actually be capable of undergoing fusion (see, e .g ., reference 7), the latter possibility has not as yet been conclusively demonstrated (see Discussion) .
The central question to be resolved in attempting to distinguish between mitochondrial fusion and mitochondrial "dropout" followed by resyn- 
Determination of Mitochondrial Protein Turnover
After an overnight fast, rats weighing approximately 150g were injected intraperitoneally with 0 .5 ml of a solution containing 30 sCi of leucine-14 C in isotonic saline. 24 hr after injection, four animals ("zero-time controls") were stunned by a blow to the head and exsanguinated . The livers were rapidly excised and rinsed in chilled 0 .25 mt sucrose, and mitochondria from individual livers were prepared by the method of Schneider and Hogeboom (8) as modified by Weinbach (9) and washed a total of five times in 0 .25 ms sucrose . The washed mitochondria were extracted by the procedures described by Beattie et al . (10) in order to remove fractions referred to by these authors as "water-soluble proteins", "cytochrome c", "contractile protein", "structural protein", and "other cytochromes" . Because of the heterogeneity of the protein fractions obtained by these procedures, we have referred to these preparations as fractions I through V, respectively . The proteins of a sample of the final mitochondrial suspension and of each of the fractions were precipitated with trichloroacetic acid at a final concentration of 5% and extensively washed by the method described by Siekevitz (11) . The proteins were dissolved in 0 .4 mt NaOH, and samples were removed for determination of protein and radioactivity . Protein was measured by a modification of the Folin-Ciocalteu method (12) . Radioactivity was subsequently determined in Bray's solution (13) by means of a Packard liquid scintillation spectrometer (Packard Instrument Co., Inc., Downers Grove, Ill .) . Counting efficiency was 80% .
24 hr after the injection of leucine-14 C the remaining rats were randomly divided into two groups, and on that day and each day thereafter, including the day before sacrifice, each animal received a subcutaneous injection of either 0 .2 ml of cortisone acetate suspension (25 mg per ml) or 0.2 ml of 0.15 ms NaCl ("control") . After 3, 7, 11, 14, and 19 days of treatment, four control and four cortisone-treated rats were sacrificed and the mitochondria were prepared and fractionated as described for the animals killed at zero-time.
Determination of Content and Specific Activity of Mitochondrial DNA
In four separate experiments, rats weighing approximately 120 g were injected intraperitoneally, at 9 :00 a .m. 12 days before sacrifice, with 0 .2 ml of an aqueous solution containing 200 µCi of thymidine-3H . The injection of labeled precursor was repeated at 5 :00 p.m . and again at 9 :00 a.m . on the following day (i .e ., each animal received a total of 600 sCi of thyrnidine-3H) . 6 days before sacrifice, rats were randomly divided into two groups of eight animals each (16 animals for each experiment) . On that day and on each day thereafter, including the day before sacrifice, each animal received a subcutaneous injection of either 0.2 ml of cortisone acetate suspension (25 mg per ml) or 0 .2 ml of 0.15 mt NaCl (control) .
After this 6-day course of treatment the animals were stunned by a blow to the head and exsanguinated . The livers were rapidly excised and rinsed in chilled buffer, and mitochondria were isolated as described in detail elsewhere (14) . DNA was extracted and determined as previously reported (14, 15), and protein was determined as described above. The absence of significant amounts of nuclear DNA in DNA preparations from DNAase-treated mitochondria was demonstrated in appropriate control studies by equilibrium sedimentation of the DNA in cesium chloride gradients in the presence of ethidium bromide (14, (16) (17) (18) . This method is capable of cleanly resolving intact circular mitochondrial DNA from nicked mitochondria) DNA and from nuclear DNA as has been shown in numerous previous studies employing combined ultracentrifugation and electron microscope techniques (16, 17, 19, 20) . Radioactivity in mitochondria) DNA was measured in acid hydrolysates of DNAase-treated mitochondria as previously reported (14) . Counting efficiency was 20% .
RESULTS
In order to investigate the basis for the previously observed marked changes in mitochondrial size and number which occur during cortisone administration, the effects of cortisone treatment on the specific activity and yield of prelabeled mitochondrial proteins and mitochondrial DNA were examined . Since calculations based on the data of Kimberg et al . (3) show that cortisone treatment for a period of 6 days results in a 58 per cent decrease in the average number of mitochondria per liver cell, such an approach might permit one to distinguish between two extreme models which can be proposed to account for these changes : (a) administration of cortisone results in a fusion of mitochondria with conservation of preexisting mitochondrial components ; or (b) administration of cortisone results in a loss of 58 per cent, or approximately three fifths of the preexisting mitochondria and a concomitant growth of remaining mitochondria . In contrast to the former model the latter would predict that mitochondria from the livers of rats previously labeled in vivo with radioactive precursor should show a markedly accelerated disappearance of label during cortisone treatment .
In a preliminary series of experiments rats were Fig . 1 . The observed rate of protein turnover in control animals was found to be similar to that reported for normal animals in numerous previous studies (see, e.g ., references 21 and 22) , and, more important, the rate of loss of label from all mitochondrial fractions can be seen to be identical in control and cortisonetreated animals . The observation that the normal rate of turnover of mitochondrial protein is unperturbed in the cortisone-treated animals provides suggestive evidence that the administration of hormone does not result in a superimposed loss of three fifths of the preexisting mitochondrial material within 6 days . The possibility, however, that such a loss does occur and that the apparent lack of accelerated turnover in the treated animals is due to extensive reutilization of radioactive amino acid in a concomitant growth of the remaining two fifths made it desirable to apply another approach . The approach that was chosen was to determine the effects of cortisone treatment on the yield and specific activity of mitochondrial DNA which had been prelabeled with radioactive thymidine before the onset of treatment . On the basis of the recent demonstration by Gross et al . that liver mitochondrial DNA has a half-life of 9.4 days (23), one can calculate that over the course of 6 days (the duration of treatment in the present series of experiments) one would expect, on the basis of spontaneous turnover, a maximal fall in the specific activity of mitochondrial DNA of no more than 35 per cent in the control group . If in the cortisonetreated animals there is a superimposed loss of three fifths of the prelabeled mitochondrial DNA, the differences in the amount of radioactivity in mitochondrial DNA in control and cortisonetreated animals should be readily apparent by the end of the 6-day period of treatment Before attempting such experiments it was essential to establish both the purity and the reproducibility of the yield, per milligram of mitochondrial protein', of mitochondrial DNA . Fig. 2 shows the FIGURE 2 Absorbance (2 mm light path) at 260 m s of the effluent from a CsCI-ethidiuin bromide gradient containing DNA extracted from washed, DNAase-treated mitochondria from livers of control and cortisone-treated animals. The predominant band (peak II) represents intact circular mitochondrial DNA and consistently contains over 85% of the total DNA ; DNA banding at a lower density (peak I) consists of nicked mitochondrial DNA and/or nuclear DNA (17) . The falling "baseline" absorbance is due to the decreasing concentration of ethidium bromide in the gradient ; peak III represents turbidity due to precipitated glycogen. The isopyknic centrifugation characteristics of mitochondrial DNA are seen to be unaltered by cortisone treatment.
results of isopyknic centrifugation of representative samples of DNA isolated from mitochondria from control and hormone-treated animals in cesium even in control animals, numerous experiments have demonstrated that the yield is not significantly affected by 6 days of cortisone treatment . Because it is not possible by techniques currently available to obtain purified rat liver mitochondria in quantitative ' While the yield of protein from mitochondria yield, results are expressed per milligram of mitopurified as described above shows a certain variability chondrial protein . The denser of the two DNA peaks (peak II), accounting in our preparations for at least 85 % of the total DNA, has been shown in numerous previous studies to represent intact (circular) mitochondrial DNA (16, 17, 19, 20) . The yield of mitochondrial DNA is reproducible from experiment to experiment and is similar in both groups of animals (see below) . The following series of experiments was undertaken to determine the effects of cortisone treatment upon the specific activity and yield of mitochondria) DNA from animals prelabeled with radioactive thymidine, and hence to distinguish between several models which might be proposed to explain the previously observed reciprocal changes in mitochondrial size and number . A number of such models lead to markedly different predictions for the effects of cortisone treatment on the specific activity and yield of mitochondrial DNA and hence can be tested by means of such an experiment . The first model, in which there is fusion of mitochondria to form two fifths of the initial number of preexisting units, will be called "model I" ; the second, in which there is a loss of approximately three fifths of the mitochondrial units dur- MODEL II a MODEL IEb FIGURE 3 Three models to account for the observed decrease in mitochondrial number and reciprocal increase in mitochondrial size in the livers of cortisone-treated rats . Small circles within the mitochondria represent mitochondrial DNA : solid circles, preexisting (radioactive) DNA ; dotted circles, newly synthesized (nonradioactive) DNA.
ing the course of cortisone treatment and concomitant growth of the remaining two fifths, will be designated as "model II" . Model II, in turn, can be considered to have two subcategories : model Ha consisting of growth of the remaining units without new mitochondrial DNA synthesis ; and model IIb consisting of growth accompanied by a proportional synthesis of new mitochondrial DNA . A schematic summary of these models is presented in Fig . 3 . Table II shows the data obtained in four experiments in which rats were treated with either saline or cortisone acetate for 6 days after receiving radioactive thymidine . In each case cortisone treatment is seen to have little effect on the yield of mitochondria) protein, the amount of DNA present per milligram of mitochondrial protein, or the specific activity of the isolated mitochondrial DNA . In order to compare the results with the specific models discussed above, Table III presents a summary of the predictions on the basis of each of the models shown in Fig . 3 and compares the experimental results for control and cortisone-treated animals . The experimentally observed ratios in each case are seen to be close to unity and are thus most consistent with the predictions of model I and with the conclusion that fusion has taken place . The occurrence of large mitochondrial forms has been observed under a variety of different conditions in the past, and from time to time it has been suggested that fusion may play a role in their formation . Nevertheless the observations to date have not been conclusive ; not only are fusing forms difficult to identify with certainty, but it might be argued that if the fusion event is rapid, one could not hope to find many such forms in a given number of micrographs . Similarly, the absence of an increased number of degenerating mitochondrial forms is weak and circumstantial evidence at best that the decrease in mitochondrial number which occurs during cortisone treatment is due to fusion Received for publication 15 May 1972, and in revised form 13 July 1972.
